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Abstract 
Body wave seismic tomography is a successful technique for mapping lithospheric material 
sinking into the mantle. Focusing on the India/Asia collision zone, we postulate the existence 
of several Asian continental slabs, based on seismic global tomography. We observe a lower 
mantle positive anomaly between 1100 and 900 km depths, that we interpret as the signature 
of a past subduction process of Asian lithosphere, based on the anomaly position relative to 
positive anomalies related to Indian continental slab. We propose that this anomaly provides 
evidence for south dipping subduction of North Tibet lithospheric mantle, occurring along 
3000 km parallel to the Southern Asian margin, and beginning soon after the 45 Ma break-off 
that detached the Tethys oceanic slab from the Indian continent. We estimate the maximum 
length of the slab related to the anomaly to be 400 km. Adding 200 km of presently Asian 
subducting slab beneath Central Tibet, the amount of Asian lithospheric mantle absorbed by 
continental subduction during the collision is at most 600 km. Using global seismic 
tomography to resolve the geometry of Asian continent at the onset of collision, we estimate 
that the convergence absorbed by Asia during the indentation process is ~1300km. We 
conclude that Asian continental subduction could accommodate at most 45% of the Asian 
convergence. The rest of the convergence could have been accommodated by a combination 
of extrusion and shallow subduction/underthrusting processes. Continental subduction is 
therefore a major lithospheric process involved in intraplate tectonics of a supercontinent like 
Eurasia. 
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1. Introduction 
The long-lasting collision between India and Asia causes profound changes over immense 
areas, building the Earth's largest and highest topography, and provides unequalled 
opportunities to study the mechanics of continental deformation (Fig. 1). Global seismic 
tomography suggests that this extreme topography is related to successive continental 
subduction episodes of the Indian continent (e.g. Replumaz et al., 2010a). Positive wavespeed 
anomalies are commonly interpreted as remnants of slabs, and evidences for past Indian 
subduction episodes are preserved as deep anomalies (IN and TH in blue on Fig. 1). In this 
paper, we show that global seismic tomography provides also evidence of past Asian 
continental subduction. We estimate the length of the Asian lithospheric slabs subducted since 
the beginning of collision, and we calculate the amount of convergence that is absorbed by 
Asian continental subduction since then. 
To do so, we have to know the geometry of the Asian continent at the beginning of collision. 
Plate tectonic reconstructions constrain the northward motion of the Indian Plate since the 
mid-Lower Cretaceous (e.g. Patriat and Achache, 1984; Besse and Courtillot, 2002; Molnar 
and Stock, 2009), but cannot alone resolve the position of the plate boundary between India 
and Asia at the onset of collision. The southern Asian geometry at that moment has been 
previously estimated using the present-day geometry of the indentation marks left by the 
impact of India onto the Asian margin, with a presumably linear geometry between Sumatra 
and the mouth of the Indus river (e.g. Tapponnier et al., 1986; Le Pichon et al., 1992) or using 
continental paleomagnetic data (e.g. Halim et al., 1998). Seismic tomography independently 
constrains the position of the plate boundaries. In particular, the NW–SE-trending positive 
anomaly beneath India, at depths between 1000 and 1600 km, is thought to record the location 
of late Mesozoic Tethys subduction (marked as TH in Fig. 1; van der Voo et al., 1999; 
Replumaz et al., 2004; Hafkenscheid et al., 2006; Richards et al., 2007). The TH anomaly 
marks the past position of the trench between the Indian and Asian continent (Fig. 1). This 
anomaly vanishes at depths shallower than about 1100 km, indicating a slab break-off after 
the beginning of the continental Indian plate subduction, likely when the slab reached a 
critical length (Chemenda et al., 2000). The paleo-geometry of the Indian continent northern 
boundary at the time of break-off is drawn along the top of the TH anomaly (Negredo et al., 
2007). This boundary is similar to the previously estimated linear geometry between Sumatra 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
and the mouth of the Indus (Tapponnier et al., 1986). By combining the paleo-position of 
India and the length of the Indian slab as it is now subducting beneath the Hindu Kush, 
Negredo et al. (2007) inferred the north-south extent of the Indian continent at the time of 
break-off (blue contour in Fig. 1a) and estimated the age of break-off at ~45 Ma. This age is 
younger than the 57-55 Ma estimated for the first continent-continent contact, deduced 
concordantly from exhumation of ultrahigh-pressure rocks (de Sigoyer et al., 2000; Guillot et 
al., 2003; Leech et al., 2005), the final closure of Neotethys recorded by the end of marine 
sedimentation at 55 Ma (Garzanti et al. 1987), and the appearance of continental red beds at 
~51 Ma (Garzanti et al. 1996).  This younger age of break-off suggests that some amount of 
Indian continental subduction occurred before break-off (e.g. Guillot et al., 2008). This time 
of slab break-off corresponds to the beginning of the indentation process, when India left 
behind the detached oceanic slab and began to impinge upon the Asian margin. 
 
Comparing the paleo-geometry of the continents at the time of break-off and the present-day 
shape of the continents, we estimate the magnitude of convergence absorbed by the post-
collisional deformation of the Indian and Asian continents (Fig. 1). The mechanism of 
deformation of each continent is different. The Indian continent deforms over a narrow area 
forming the high Himalayan range which grows up by scraping of the upper Indian crust, 
while the lower crust and underlying lithosphere bend and underthrust the range (Nabelek et 
al., 2009).  Separated from the upper crust, the Indian continental lithosphere is heavy enough 
to subduct into the mantle (Capitanio et al., 2010). Deep tomographic positive anomalies 
suggest multiple successive continental subduction episodes of the Indian continent 
(Replumaz et al., 2010a). The prominent anomaly IN observed between 450 and 900 km 
depth (Fig. 2) has been interpreted as a slab formed by Indian continental lithosphere which 
subducted most probably between 40 and 15 Ma beneath central Tibet (Replumaz et al., 
2010b). The Asian continental upper plate deforms over a broad area forming the Tibetan 
Plateau (pink contour Fig. 1b). The Tibetan plateau appears as a homogeneous zone of high 
elevation that could be generated by a homogeneous deformation process (England and 
Houseman, 1988). However very narrow shear zones, ~10 km width but running over several 
thousand of kilometres and absorbing hundred of kilometers of displacement (Leloup et al., 
2001), suggest that the deformation is localized in the upper crust (Tapponnier et al., 1986; 
Replumaz and Tapponnier, 2003). In contrast, continental subduction is thought to 
accommodate convergence at lower crust and lithospheric mantle levels (Mattauer, 1986; 
Willett and Beaumont, 1994; Tapponnier et al., 2001; De Celles et al., 2002). Seismic profiles 
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show evidence of southward Asian subduction down to 300 km in Central Tibet (e.g. Kind et 
al., 2002). Toward the western syntax, earthquakes down to 200 km and tomographic positive 
anomaly down to 400 km reflect on-going southward Asian subduction beneath the Pamir 
(Burtman and Molnar, 1993; Negredo et al., 2007). The purpose of this paper is to use global 
deeper seismic tomography to find evidence of older Asian continental slabs and to estimate 
the amount of the lithospheric mantle of Asia that has been subducted since the beginning of 
collision. 
 
2. Mantle tomographic positive anomalies beneath the collision zone 
2.1 Tomographic model 
We investigate the mantle structure beneath the collision zone down to 1500 km depth (Figs. 
1 and 2), by means of a P-wave global mantle tomographic model obtain using the method 
described by Bijwaard et al. (1998), but augmented with additional arrival times from well-
located earthquakes at both teleseismic and regional distances (Villasenor et al., 2003). In 
total, more than 14 million arrival times from 300,000 earthquakes, nearly 4 times the amount 
used in Bijwaard et al. (1998), were reprocessed using the EHB methodology (Engdahl et al., 
1998). This global model has been already used in several papers focusing on different 
regions (Replumaz et al., 2010b; Garcia-Castellanos &Villaseñor, 2011). Velocity 
perturbations are determined with respect to the 1D reference model ak135 (Kennett et al. 
1995). The model is parameterized with cell sizes depending on ray density, typically 
between 0.5° and 2° in the upper mantle and between 1° and 3° in the lower mantle (Spakman 
& Bijwaard, 2001).  
Resolution of global travel-time tomography models with a large number of model parameters 
like the one used here cannot be estimated quantitatively using the resolution matrix because 
the inversion is carried out using iterative methods (Amaru, 2007; Amaru et al., 2008). The 
most common method for estimating the resolving power of the dataset is to conduct synthetic 
reconstruction tests. Synthetic data were generated from the global spike models by 
integration of the synthetic slowness along the same ray paths as used in the real data 
experiment. The synthetic (checkerboard) models used here consist of well separated spikes 
with alternating ±5% velocity anomalies with respect to the reference model ak135 (Kennett 
et al., 1995) shifted laterally and in depth. We have used spike amplitudes of ±5% because 
they lead to a signal to noise ratio of the synthetic delays that is similar to that of real data 
when 0.5 s Gaussian noise is added (Amaru, 2007; Schellart at al., 2009). The mantle region 
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between the spikes has a 0% anomaly value to allow detection of horizontal and vertical 
smearing effects between spikes. Figure 2b shows the results of the synthetic reconstruction 
test for 2°×2° spikes at 1040 km depth. For our studied area, the synthetic reconstruction 
models show good resolution beneath the continent, which decreases beneath the Indian 
Ocean, due to the lack of stations and earthquakes (Fig. 2). The anomaly AS (black dotted 
line, Fig. 2b) is located in a well resolved zone, with a good returned amplitude and reduced 
horizontal smearing. The TH anomaly is at the boundary of the well resolved zone for such 
spike size. The prominent TH anomaly is related to a wider anomaly than these 2°×2° spikes 
and appears in a well resolve zone with 3°×3° spike resolution tests (Replumaz et al., 2010b). 
 
2.2 Deep anomaly AS 
Between 1100 and 900 km depth, north of and parallel to the TH anomaly, a positive high-
wavespeed anomaly of lower amplitude has been identified (labelled AS in Fig. 2; 
Hafkenscheid et al., 2006; Replumaz et al., 2010c). Our resolution test shows that the high-
velocity-anomaly bodies AS and TH are separated, but not two parts of a large-scale 
tomographic feature. The size and location of the anomaly AS is well resolved by our travel-
time dataset (Fig. 2b). The horizontal extent of the AS anomaly is ~3000 km. AS appears also 
separated from IN in depth, as AS is observed between 1100 and 900 km depth, under IN 
observed between 900 and 450 km depth (section A, Fig. 2). AS appears also separated from 
IN in latitude, as AS is observed north of IN, except at longitudes close to 80°E (see 
Replumaz et al., 2010b for precise cartography of the IN anomaly, and final figure of this 
paper), where the weak positive anomaly AS is masked by the prominent anomaly IN  close 
to these longitudes (section A, Fig. 2). In contrast anomaly AS is more clearly observed in 
cross-sections where the anomaly IN is not present (section B, Fig. 2). Another indication for 
anomalies AS and IN being different features is the large difference in lateral extent, about 
1500 km for IN and 3000 km for AS. 
The geometry of the AS anomaly elongated and parallel to the anomaly TH (related to the 
Tethys subduction) suggests that it is also the signature of a remnant of slab (Fig. 2). We will 
argue in a later section that this anomaly AS (for ASian) is the remnant of an episode of Asian 
continental subduction post-dating and to the north of the Indian subduction episode related to 
the TH anomaly. 
 
2.3. Positive high amplitude anomalies  
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The amplitude of mapped positive anomalies is higher in the upper mantle than in the lower 
mantle (Fig. 2). We are aware that the anomaly amplitudes should be interpreted with caution 
as they are affected by many factors as the deep structure of the Earth, the algorithm of the 
inversion, the seismic data coverage (e.g. Bijwaard et al., 1998; Amaru, 2007). Instead of 
interpreting specific values of amplitude, we only describe the first order systematic 
differences in amplitude between the positive anomalies observed between the Indian and the 
Asian cratons. To the west, the round positive anomaly beneath India (+2-3%, Fig. 3) marks 
the thick and cold lithospheric mantle of the Indian craton (labelled CR, for Indian CRaton in 
Fig. 3), while weaker rounded positive anomalies (+1-2%) mark the other Asian cratons 
(Ordos, Sichuan and Tarim). Beneath the Tibetan Plateau, the mantle is quite heterogeneous 
(e.g. Li et al., 2008, Feng et al., 2011). To the south and to the west, a strong positive anomaly 
(2-3%) is continuous with the CR anomaly. To the east and to the north, a positive but weaker 
(1-2%) anomaly is related to the North China craton. Beneath the center of the Plateau, a 
negative anomaly is observed (Fig. 3). This anomaly could be related either to hotter 
temperature likely produced by lithospheric thinning (Jiménez-Munt et al., 2008), or to the 
presence of hydrated minerals, as hydrous minerals strongly reduce the viscosity of the 
lithosphere (Billen and Gurnis, 2001). 
In cross-section the strong positive anomaly CR in the upper mantle beneath India is thick 
(~200km, section D, Fig. 3b), while the weaker positive anomaly beneath Northern China is 
thinner (~100km). The amplitude of the anomaly IN is similar to the amplitude and width of 
the anomaly CR (2-3%).  
 
2.4 Mantle structure under the Tibetan Plateau 
Closely spaced tomographic cross-sections show positive anomalies with very different 
geometries beneath the Tibetan Plateau (for serial sections see Li et al., 2008).  
On the north-south section beneath central Tibet (section C, Fig. 4), the thick positive 
anomaly CR bends south of the Tsangpo suture and continues horizontally north of the 
Bangong suture. North of the bend, the anomaly CR is overlaid by a negative anomaly above 
70 km depth. Beneath central Tibet, the anomaly is negative down to the lower mantle.  
On the SW-NE section parallel to the Altyn Tagh Fault (section D, Fig. 4), the anomaly CR 
plunges south of the Bangong suture down to at least 400km depth, as also observed by Li et 
al. (2008). Beneath Central Tibet, a negative anomaly is observed, as along section C. A 
positive anomaly TI plunges southwards down to about 200km (section D, Fig. 4). 
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The plunging of the anomaly CR imaged in section D is not observed along the nearby cross-
section E (Fig. 4). Instead, the anomaly CR bends and continues horizontally to 33°N. A 
continuous shallow positive anomaly is observed in this section beneath Tibet, and no clear 
south dipping positive anomaly can be identified.  
 
3. Interpretation of seismic velocity anomalies  
As mentioned before, we use the terms “continental subduction” to refer to the process of 
subduction of lower crust and underlying lithospheric mantle. For the Indian continent the 
upper crust scraps off forming the high Himalayan range, while the lower crust bends and is 
eclogitized (Hetenyi et al., 2007; Nabelek et al., 2009), and can easily subduct attached to the 
lithospheric mantle (Capitanio et al., 2010). We refer to these subducted portions of 
continental lithosphere as “continental slabs”. In this section we interpret the positive 
anomaly AS and TI as Asian continental slabs. 
 
3.1. Shallow tomographic anomaly CR and TI compared with seismic profiles 
We compare our global tomographic cross-sections with published seismic profiles across the 
Himalayan range and the Tibetan Plateau obtained using the receiver function method (e.g. 
Kind et al., 2002; Tilmann et al. 2003; Nabelek et al., 2009). This method enhances converted 
S waves from P waves of distant earthquakes impinging on interfaces beneath the recording 
stations. We plot the major interfaces observed on the seismic profiles on the tomographic 
sections across Tibet (light green lines on figure 4). 
Along the Hi-Climb seismic profile at ~90°E of latitude (Nabelek et al., 2009), the Indian 
Moho bends south of the Tsangpo suture and continues horizontally (section C, Fig. 4). The 
Moho is duplicated from the Tsangpo suture to 31°N latitude, with an upper interface at ~ 60 
km depth and a second interface at 75 km depth. The double Moho has been related to the top 
and bottom of the Indian lower crust which eclogitized during bending (Hetenyi et al., 2007). 
Nabelek et al. (2009) interpreted the Indian Plate to stop at 31°N, where the double Moho 
stops and suggested a single interface lying between 60 and 70 km depth to the north of 31°N 
to be related to the Tibetan Moho (dotted green line, Fig. 4). The positive anomaly related to 
the Indian Craton (CR) bends consistently with this seismic profile (Fig. 4). North of the 
bending region, the anomaly CR suggests that the Indian craton continues horizontally north 
of the Bangong suture to 34°N (Fig. 4), farther north than interpreted from the Hi-Climb 
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seismic profile, and is overlaid by the negative anomaly above 70 km depth, which is likely 
related to the Tibetan crust.  
 
A compilation of several seismic experiments in Central Tibet reveals the existence of a south 
dipping interface extending to about 300km (green line in section D, Fig. 4) that was 
interpreted as Asian Lithospheric Mantle (ALM; Kind et al., 2002). The plunging TI positive 
anomaly shown on the NW-SE section D is consistent with the ALM interface, except that the 
TI anomaly is observed only down to 200km ( Fig. 4). Along the Western Indepth profile two 
facing slabs have been interpreted (Tilmann et al., 2003), but due to the different trend 
between our section D and the Western Indepth profile, we could not precisely compare the 
geometry of the anomalies between both sections, although the overall geometry is similar 
(see also Li et al., 2008).  
 
3.2 Deep anomaly AS related to ASian continental slab 
The geometry of the AS anomaly, elongated and parallel to the suture zones crossing the 
Tibetan Plateau (Fig. 2), suggests that it is the signature of a remnant of slab. The anomaly 
vanishes at depths shallower than about 900 km, thus indicating that the slab was detached 
from the surface by a slab break-off process. Once the slab was detached from the continent, 
it may have sunk continuously through the transition zone or may have stagnated for a while 
in the upper mantle, as proposed by Hafkenscheid et al. (2006). Although stagnation cannot 
be ruled out, we consider that continuous sinking with a reduced velocity in the lower mantle 
is more likely to occur in this area. Steep subduction associated with fixed or advancing 
trenches is more favourable for direct penetration of slabs into the lower mantle (Manea and 
Gurnis, 2007) except for models where an impermeable barrier is imposed at the base of the 
upper mantle (e.g. Capitanio et al., 2010). Actually, the portion of detached continental slab 
represented by the prominent anomaly IN indicates direct penetration into the lower mantle. 
Another clear example in the area of continuous sinking across the transition zone without 
any slab stagnation is the subduction zone surrounding Southeast Asia. Considering 
continuous sinking, the position of the AS anomaly at shallower depth than anomaly TH 
suggests that the anomaly AS is the signature of an episode of subduction occurring after the 
break-off process that detached the Tethys oceanic root. This episode of subduction therefore 
likely occurred at the beginning of the indentation of Asia by India.  
We also consider that no significant horizontal motion of subducted lithosphere occurs in the 
area, as previously inferred from the coincidence between the location of subducted slabs and 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
the location of the reconstructed plate boundary at the time of subduction (e.g. Replumaz et 
al., 2004). In the absence of slab stagnation and horizontal motion, we consider that the AS 
anomaly is too far north and too shallow to represent a fragment of Tethyan slab subducted 
before collision. Instead, we propose that this anomaly AS (ASian) is the signature of an 
episode of Asian continental subduction. This continental subduction process ended by a slab 
break-off allowing the slab to sink into the mantle.  
 
3.3 Including successive episodes of Asian subduction in tectonic scenario 
We integrate the Asian subduction events related to anomalies AS and TI with published 
tectonic reconstructions of Replumaz and Tapponnier (2003) to relate the subduction events 
to the surface evolution of the region  (Fig. 5).  
A sequence of Indian subduction events during collision has been proposed by Replumaz et 
al. (2010a) and is briefly summarized here. The break-off of the oceanic root (anomaly TH) of 
the Indian continent at 45 Ma (Negredo et al., 2007) was followed by Indian 
impingement upon the Asian margin. A second episode of Indian subduction related to the 
anomaly IN most probably occurred between 40 and 15 Ma (Replumaz et al., 2010b). A 
narrow slice of Indian lithosphere remaining to the west subducted since about 8 Ma beneath 
the Hindu Kush (Negredo et al., 2007). To the east, partial extrusion of the Indian lithosphere 
was contemporaneous with the Indochina extrusion (Replumaz et al., 2010a). In central Tibet, 
one narrow zone of steep Indian subduction is observed (Fig. 4, section D; Tilmann et al., 
2003; Li et al., 2008).  
We here complement this proposed sequence of events (Fig.5). We postulate that the first 
episode of Asian subduction, indicated by the anomaly AS, occurred after the Indian oceanic-
root slab break-off. The position of anomaly AS above TH and below IN, suggests this Asian 
subduction episode occurred between the two Indian subduction episodes and may have 
concluded before the initiation of Indochina extrusion at 32 Ma (Leloup et al., 2001). In the 
western part of the collision zone, a narrow portion of Asian lithosphere began subducting 
beneath the Pamir at about 25 Ma (Burtman and Molnar, 1993). In central Tibet, ongoing 
south-directed Asian subduction is correlated to the anomaly TI (Fig. 4, section D), in 
agreement with the interpretation by Kind et al. (2002).  
High lateral variability in mantle structure imaged in different cross-sections across the 
collision range suggests that, except for the subduction processes related to anomalies TH and 
AS, the lateral extent of subduction processes is limited (Fig. 4).  
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3.4 Magmatism related to successive Asian subduction episodes 
Widespread Cenozoic magmatism throughout Tibet is interpreted as the result of mixing 
between lower crust-derived melts (dominantly adakitic magma) and lithospheric mantle-
derived ultrapotassic mafic melts (e.g. Arnaud et al., 1992; Chung et al., 2009). The 
lithospheric origin of these magmas suggests that they may serve as indicators for different 
episodes of subduction. Palaeocene magmatism observed south of the Bangong suture (Fig. 3) 
has been interpreted to be related to the Tethys oceanic slab break-off (top of anomaly TH, 
Fig. 5; Guo et al., 2012), while Eocene magmatism may be related to the Indian continental 
slab break-off (top of anomaly IN, Fig. 5; Guo et al., 2012). North of the Bangong suture, 
widespread potassium-rich lavas and subordinate sodium-rich basalts (45 to 33 Ma) are 
consistent with a source derived from melting of enriched lithospheric mantle (Roger et al., 
2000; Ding et al., 2007). We suggest that this magmatism probably reflects the southward 
subduction of the northern Tibet related to anomaly AS. 
 
4. Discussion : amount of Asian convergence and subduction during 
collision 
To quantify the amount of convergence that is absorbed by Asian continental subduction 
since 45 Ma, we estimate the amount of convergence absorbed by Asia and the length of the 
Asian lithospheric slabs subducted since then. The total amount estimated for the convergence 
between India and Asia is ~2200 km, which corresponds to the distance between the present-
day position of the Himalayan front and its paleo-position at 45 Ma deduced from the position 
of the TH anomaly (black arrow on Fig. 1a; Negredo et al., 2007). By comparing the southern 
paleo-boundary of the Asian continent drawn along the top of the TH anomaly and its 
present-day shape, we estimated that ~1300 km of convergence has been absorbed by Asia 
(pink arrow on Fig. 1b). The rest of the convergence, ~900 km, is then assumed to be 
absorbed by India, within the Himalayan range (blue arrow on Fig 1b).  
 
4.1 Length of slab related to anomaly AS 
The amplitude of the anomaly AS is low (maximum +0.5%, Fig. 2). It is related to a slab 
comparable with the North China craton lithosphere of +1.5% maximum anomaly amplitude 
(north of ATF on Fig. 3) which has sunk into the lower mantle. Anomaly smearing and the 
partial loss of visibility of slabs as they penetrate into the lower mantle are common features 
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of deep subduction zones (e.g. van der Hilst, 1997; Bijwaard et al., 1998; Ricard et al., 2005). 
For example, the subduction of the Indian lithosphere is related to anomalies whose maximum 
amplitude decreases with depth: the anomaly CR in the upper mantle is +3%, the anomaly IN 
in the transition zone is 2% but in the lower mantle it reduces to 0.5% (Fig. 2). Due to the 
difficulty in estimating qualitatively the resolution of global travel-time tomography models 
like the one used here (see section 2.1), it is difficult to calculate an uncertainty for the size of 
the slab related to the tomographic anomaly. We use the minimum velocity anomaly 
amplitude which draws a block-like slab to estimate the length of a slab related to one 
anomaly. Replumaz et al. (2010b) used the contour 0.4% for the anomaly IN to estimate the 
slab length to 700 km (black dotted line section A, Fig. 2). The same decrease of amplitude 
with depth is observed between the maximum amplitude of the north China craton anomaly 
(1.5%), and the anomaly AS (0.4%). The contour at 0.2 % velocity anomaly draws a block-
like slab with a length of 200 km (black dotted line and arrow section B, Fig. 2). 
Slab penetration into the lower mantle could lead to thickening or buckling of weak slabs (e.g. 
Christensen, 1996; Ribe et al., 2007). We estimate the thickening of the slab in the lower 
mantle using the sinking rate deduced locally by Replumaz et al. (2004) from the matching 
between age constraints of surface events and change in slab structure at a specific depth. The 
700 km of extrusion of Indochina and 550 km of seafloor spreading in the South China Sea 
that reorganized southeast Asia between 40 and 15 Ma (Tapponnier et al., 1982; Replumaz 
and Tapponnier, 2003), is reflected by the large shifts in slab geometry between 1100 and 700 
km depth. Replumaz et al. (2004) deduced that in this region sinking of cold lithosphere, 
apparently with little lateral advection in a mantle reference frame, took place at a rate of 2 
cm/yr and 4 cm/yr in the lower and upper mantle, respectively (as also inferred by Grand et 
al., 1997; van der Hilst et al., 1997; van der Voo et al., 1999). With a sinking rate in the upper 
mantle similar to the Indian plate velocity since 50 Ma, little or no slab thickening is expected 
to occur. As the assumed sinking velocity decrease between the upper and lower mantle is 
about 50%, the maximum shortening of the slab should be of the same order if a weak highly 
deformable slab is assumed. Considering a length of the anomaly AS of 200 km, the 
maximum initial length of the subducted Asian lithospheric mantle should be about 400 km. It 
represents the maximum amount of lithospheric mantle that could have been absorbed during 
the episode of continental subduction represented by anomaly AS.  
 
4.2 Budget of lithospheric mantle absorbed during collision 
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Considering the maximum length of the Asian slab related to anomaly AS to be about 400km 
and adding 200 km of the present-day length of Asian slab beneath central Tibet related to 
anomaly TI, we obtain a maximum amount of 600 km of Asian lithospheric mantle absorbed 
during continental subduction processes. Considering convergence absorbed by Asia during 
the indentation process to be  ~1300km (Fig. 1), it corresponds to a maximum of 45% of 
Asian lithospheric mantle absorbed by continental subduction. 
Several hypotheses could be invoked to explain the accommodation of the rest of the Asian 
convergence. According to tectonic reconstructions, 30% of the convergence is likely 
accommodated by extrusion (Replumaz and Tapponnier, 2003; Replumaz et al., 2010c), 
corresponding to about 400 km. Other Asian slabs have been interpreted on the basis of 
seismic profiles, but are not taken into account in our estimations as they are not visible on 
our tomographic cross-sections. Meissner et al. (2004) imaged a north dipping slab rooted 
under the Bangong suture, which could correspond to a northward subduction of the South 
Tibet. The slab could be around 100 km long. Beneath the Bangong suture, Shi et al (2004) 
interpreted a southward subduction of North Tibet down to 180 km. Moreover, low-velocity 
anomalies as observed beneath Central Tibet (Fig. 4), could be related to subduction of 
hydrated lithosphere, not visible in the tomographic model. Furthermore, Asian subduction 
processes could have been associated with underthrusting beneath Asian lithosphere, which 
could have locally doubled the Asian lithosphere (Nabelek et al., 2009; Feng et al., 2011).  
 
5. Conclusions 
Using global seismic tomography images, we interpret the existence of successive Asian 
continental subduction events. A lower mantle positive anomaly (AS) is interpreted as the 
remnant of an Asian subduction process occurring soon after the 45 Ma break-off that caused 
the detachment of the previously subducted oceanic slab from continental India. The anomaly 
AS is observed between 1100 and 900 km depths, along 3000 km parallel to the Southern 
Asian margin and probably represents the initial south dipping subduction of North Tibet 
zone occurring by Eocene to Oligocene time. Two narrow Asian presently subducting slabs, 
one to the west beneath Pamir and one to the east of Central Tibet are observed. 
After 45 Ma, we estimate that the convergence absorbed by Asia during the indentation 
process is ~1300 km, with a maximum amount of about 600km of Asian lithospheric mantle 
absorbed by continental subduction during the collision. It corresponds to a maximum of 45% 
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of the Asian convergence. The rest could have been accommodated by a combination of 
extrusion and shallow subduction/underthrusting processes.  
We conclude that continental subduction of the Asian plate plays a major role in absorbing 
the convergence during collision with India, and is therefore a major lithospheric process 
involved in intraplate tectonics of a supercontinent like Eurasia. 
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Figure captions 
 
Fig. 1 
a/ P-wave tomographic section at 1175 km depth showing wavespeed anomaly at -/+ 0.8%, 
positive anomaly in blue, negative in red. Positive anomaly are related to colder material, 
commonly interpret as remnant of slab sinking into the mantle. Looking at the anomalies at 
depth permit to deduced the past position of the subduction zones. Beneath India, the NW–
SE-trending anomaly TH is thought to record the location of late Mesozoic Tethys 
subduction. By using the paleo-position of India and the length of the Indian slab as it is now 
subducting beneath the Hindu Kush, Negredo et al. (2007) deduced the north-south length of 
the Indian continent at the indentation initiation and drew the paleo-geometry of the Indian 
continent northern boundary along the paleo-trench, north of the TH anomaly (blue contour). 
We measure the distance between the paleo-position of the Himalayan front and its present-
day position as an estimation of the convergence, ~2200 km (black arrow).  
b/ Topographic map with approximately the same extend than the tomographic section. We 
compare the paleo-geometry of Indian continent with the present-day contour of Himalayas 
(dotted blue line between the Himalayan front and the Tsangpo suture, TS, moved to the 
position of India at 45Ma), and Tibet (dotted pink line). We measure the distance between the 
paleo and the present-day Himalayan front, ~900 km (blue arrow). It is an estimation of the 
convergence absorbed by India. The distance between the paleo and the present-day Tsangpo 
suture  is ~1300 km (pink arrow). It is an estimation of the convergence absorbed by Asia. 
 
Fig. 2 
a/ Tomographic section at 1040 km depth showing two positive high-wavespeed anomalies 
TH and AS. The AS anomaly is located north of the TH anomaly and parallel to it for ~3000 
km long. The elongated geometry of the AS anomaly and its position suggest that it is a 
remnant of slab related to a subduction event occurring north of the Tsangpo suture. 
b/ Spike resolution tests for the Indian region at depths of 1040 km to obtain an estimate of 
the resolving power of the dataset. The input consist of 2° synthetic spikes with alternating 
±5% velocity anomalies with respect to the reference model ak135 (Kennett et al., 1995). The 
mantle region between the spikes has a 0% anomaly value to allow detection of horizontal 
and vertical smearing effects between spikes. Synthetic data were generated from the global 
spike models by integration of the synthetic slowness along the same ray paths as used in the 
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real data experiment. The result of the spike resolution tests is very good for all regions north 
of 20°N, and decreases in southern India, due to the lack of stations and earthquakes. The low 
amplitude AS anomaly (dotted black outline) is sufficiently well resolved by the travel time 
dataset used in this study. 
c/ In cross-section, the anomaly AS is observed between 1100 and 900 km depth (section B). 
The prominent anomaly IN could mask the AS anomaly (section A). AS  is not continuous up 
to the surface, showing that it is related to a slab detached from the surface. We favour the 
hypothesis that once the slab detached from the continent it sunk continuously in the mantle, 
as no slab accumulation in the transition zone occurred in the region. Considering that the AS 
anomaly is located north and at shallower depth than the TH anomaly, we propose that this 
anomaly AS (ASian) is the remnant of an episode of Asian continental subduction, occurring 
soon after the indentation initiation, ended by a slab break-off. 
  
Fig. 3 
a/ Tomographic section at 200 km depth, showing wavespeed anomaly at -/+ 3%. Strong 
positive anomalies (+2-3%, blue) mark the cold Indian oceanic plate subducting beneath 
Indonesia and the cold lithospheric mantle beneath the Indian craton. Weaker positive 
anomalies (+1-2%) mark the other asian cratons (Ordos, Sichuan and Tarim), and the 
thickening of the Tien Shan.  
b/ We use the same color bar in cross-section to emphase the anomaly amplitude difference at 
depth. The strong positive anomaly beneath India is thick (~200km), while the weaker 
positive anomaly beneath Northern China is thinner (~100 km, section E). The strong IN 
anomaly is related to the subduction of the Indian lithosphere (Replumaz et al., 2010b). The 
weak anomaly TI is related to a present-day subduction event of the Asian lithosphere (Kind 
et al., 2002). We argue in this paper that the weak anomaly AS is related to an ancient 
subduction event of the Asian lithosphere.  
 
Fig. 4 
Three tomographic sections across Tibet (see Fig 2 for location) showing high structural 
variability across the Tibetan Plateau. Section C: the positive anomaly CR (Indian Craton) 
bends and continues horizontally north of the Bangong suture (BS).  Thick green line show 
the bending of the Indian craton imaged by the Hi-Climb profile (Nabelek et al., 2009). 
Section D: the positive anomaly CR bends north of the Indus-Tsangpo suture and plunges 
down to at least 400km depth. The positive anomaly TI plunges to the south compatible with 
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the plunging of Northern Tibet lithosphere observed by Kind et al., 2002 (green line). Section 
E:  the anomaly CR bends and continues horizontally. The northern limit of CR is unclear as 
the  negative anomaly beneath central Tibet is not observed along this section. 
 
Fig. 5 
We combine tomographic sections at different depths (left column) with tectonic 
reconstruction position at different times (Replumaz and Tapponnier, 2003) to constrain the 
timing and locations of different subduction events during the collision. We draw schematic 
maps (middle column) and cross-sections (right column) showing successive subduction 
events related to positive anomalies observed at depth (TH, AS, IN, TI). 
1175 km : top of anomaly TH related to the break-off of the Tethys oceanic root  of the Indian 
continent at ~45 Ma. 
920 km:  anomaly AS related to a southward subduction of Asian subduction facing the 
anomaly IN related to the northward Indian subduction occurring between 40 and 15Ma 
(Replumaz et al., 2010b) 
627 km :  top of anomaly IN, related to the break-off of Indian slab at ~15 Ma  
200 km: Anomaly CR showing the extend of the Indian lithosphere and shallow anomaly TI 
related to the present-day southward Asian subduction (Kind et al., 2002). In cross-section, 
this stage represents the mantle structure as it is observed by global tomography, with the  
deep anomalies TH, IN and AS, and the shallow anomalies CR and TI. 
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Highlights 
 
 
Global seismic tomography shows the existence of three Asian continental slabs 
 
Lower mantle AS anomaly is the remnant of an ancient Asian subduction process 
 
Two shallow narrow Asian subducting slabs are also observed 
 
Asian continental subduction accommodate about 45% of the Asian convergence 
 
Continental subduction is a major lithospheric process during collision 
